Abstract. The optical performance of the eyes of nine vertebrate species was evaluated using optical system design techniques and schematic eye models. Essential features of eyes, including the modulation transfer function (MTF) and the MTF cutoff frequency are related to the numerical aperture of the eyes. Superior resolution for in vivo imaging of photoreceptors may be achieved by dilating the iris pupil of an eye, minimizing coherence, and using short wavelength illumination. The difference of lateral and axial resolution between a small and a large eye for imaging photoreceptors in vivo.
Introduction
Recent investigations have demonstrated the ability, using a confocal scanning laser ophthalmoscope ͑SLO͒, to image photoreceptors and their modal structures in several species of snakes. [1] [2] [3] [4] [5] This ability is based primarily on the fact that the eyes of these species are short focal length optical systems of high optical quality. The same SLO cannot image photoreceptors in the human or rhesus monkey eye at the same resolution level as shown in Figures 1͑a͒-1͑d͒ although others have imaged human photoreceptors with a high resolution fundus camera incorporating adaptive optics to correct optical aberrations of the eye. 6, 7 Diagnosis and study of retinal diseases and light-induced damage processes in the retina would be much enhanced if photoreceptors in the human eye could be easily and reproducibly imaged. There is strong interest in extending the capabilities, which image photoreceptors in the snake to the point where human photoreceptors could also be imaged. Ultimately, diffraction of light, as described by physical optics, limits the ability to image photoreceptors in the eye. It is very difficult to describe an optical wave propagating through the eye's optical system using the rigorous wave theory as is necessary to accurately determine diffraction in the eye. Light diffraction in an eye has been extensively studied. [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] These studies were based on experimental measurements of the point spread function ͑PSF͒ and the modulation transfer function ͑MTF͒ of eyes using double pass methods. [9] [10] [11] [12] 14, 15, [18] [19] [20] Also, the application of the MTF for evaluating the visual quality of the human eye has been intensively studied. [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] These studies did not address the relationship between light diffraction in an eye and the geometrical features of the eye, for example, the curvature of the cornea.
The eye is a living optical system. The surface profiles, thickness, and index of refraction of its ocular components determine its imaging properties and its optical resolution. Early attempts to build a schematic eye were reported in 1801 and 1841. 23, 24 Since then geometrical optic models and schematic eyes have been developed for describing the paraxial optical characteristics of the eye for many species. [25] [26] [27] [28] [29] [30] [31] [32] [33] These studies have focused on the evaluation of visual acuity and the refractive states of eyes. [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] The study of light diffraction in the eye using a schematic eye model to evaluate the resolving power of eyes for imaging of retinal layers and photoreceptors has not been reported. The effects of diffraction can be approximately evaluated by finding the numerical aperture ͑NA͒, the PSF, the MTF, and the MTF cutoff frequency using schematic eye models. In this paper we employed schematic eye models for several species and optical design computer software to evaluate relationships between geometrical characteristics and the effects of light diffraction. This study builds on available concepts in physiologic and physical optics which have hitherto not been associated to provide an explanation of imaging resolution of the snake eye, and to suggest ways to improve the ability to image photoreceptors in the primate and human eye. 4 
Methods
The selection of accurate schematic eye models was important for this study. The performance of a schematic eye model depended on the accuracy of measurement of the indices of refraction, curvature and thickness of ocular components. Nine schematic eyes were chosen; the human, the macaque ͑Macaca fascicularis͒, the marmoset ͑Callithrix jacchus͒, the rabbit, the tree shrew ͑Tupaia belangeri͒, the frog ͑Rana esculenta͒, the rat ͑D. A. Strain͒, the mouse ͑C57B1/6J͒ and the checkered garter snake eye ͑Thamnophis m marcianus͒. Except for the snake, the schematic eyes were selected from the literature. 5, [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] A schematic eye model for the checkered garter snake was constructed based on in vivo and in vitro measurements of the curvatures of the spectacle, cornea and crystalline lens, thickness of the spectacle, cornea, crystalline lens, aqueous chamber, and axial length using a keratometer, ultrasound, slit lamp, bio-optical microscope, frozen section and paraffin section. 4 Typical pupil sizes of the monkey, rabbit, frog, snake, rat and mouse eye were verified where available in the laboratory, the San Antonio zoo and local pet stores. The data about surface curvatures, and component thickness and refractive indices of these eyes were entered into the ZE-MAX database for each eye. Analysis of these schematic eyes was carried out using a commercial optical design and analysis software package ͑ZEMAX͒. When the intent was to image the retina and its components the retinal layers were in object space. The crystalline lens, pupil and cornea formed an optical system to image retinal layers or combined with ocular instruments to form images of retinal layers, for example, on the film of a Fundus camera. In this case the eye's optical system played a role like the objective lens of an optical microscope. The numerical aperture ͑NA͒ is a good indicator widely used for evaluating the resolution or resolving power of an optical microscope in industry. Also, the optical wave theory indicates that the NA is a major factor in determining the PSF of an optical system. 21, 22 For a specific wavelength, the resolution is inversely proportional to the numerical aperture, or to the optical power and the effective pupil of an eye. In this study, we calculated the NA by raytracing technique, i.e., geometrical optics method then used the NA to evaluate diffraction limitation. Thus, the NA plays a key role in linking the geometric configurations and diffractive optics of small and large eyes, and in extending the concepts of geometric optics to that of diffractive optics. In the eye, the numerical aperture is defined as
where n is the index of refraction of the vitreous fluid and U is the half angle of the cone defined by the pupil diameter and the effective focal length ͑EFL͒ of the eye. The effective acceptance angle, U, for each of the nine schematic eye models was obtained by ray tracing a marginal ray from an object point located at the intersection of retinal layers and the optical axis of the eye to the edge of the pupil. The MTF is the modulus of the complex optical transfer function ͑OTF͒ and is another way to evaluate image quality, especially for continuous-tone imagery. 17, 18, 21, 22 It is a function of optical power, numerical aperture and optical aberrations but is not simply proportional to these. The normalized MTF is a function of spatial frequencies and dropped from one at zero frequency to zero at the maximum spatial frequency. The maximum spatial frequency is also called the cutoff spatial frequency. 21 The cutoff frequency calculated here is lateral cutoff frequency. The cutoff frequency is a function of numerical aperture and wavelength, i.e., it is equal to two times the numerical aperture divided by wavelength. 21 ZEMAX was used to compute the lateral cutoff frequency of the MTF for nine schematic eyes according to the above definitions. The MTF of the human eye was analyzed to reduce the diffraction limitation. For example, based on the analysis of the schematic eye model we anticipated that by dilating the pupil of the human eye or by using a contact lens we may improve the resolution of the living human eye available for imaging photoreceptors.
The intensity distribution of light near the focus of an error-free and rotational-symmetric optical system has been intensively studied. 21, 22, 36, 37 The intensity distribution of light of a point image in the geometrical focal plane can be written as 21, 36, 37 
where J 1 (v) is the first order of the Bessel function. The point spread function ͑PSF͒ in the meridional plane along the optical axis, z, is
where vϭ2/(a/ f )r and uϭ2/(a/ f ) 2 z, I 0 is the intensity of incident light, wavelength, ''a'' the diameter of the pupil, f focal length and z the distance from the origin of the image space.
Stoltzman 37 discussed the PSF for different apertures and criteria. We modified his results to our case to evaluate the lateral and axial resolution or resolving power of eyes for incoherent and coherent illumination. The Rayleigh criterion is an objective criterion to evaluate the resolution for incoherent light in three-dimensional ͑3D͒ image space. Based on the Rayleigh criterion the resolution was defined such that the central peak of the normalized PSF of an ideal object point fell on the first minimum intensity of the normalized PSF of a closest object point. 21 For incoherent sources, according to the Rayleigh criterion and expression ͑2͒, the lateral resolution, R L , i.e., the resolved separation of PSFs of two closest point images along radial direction in the focal plane, was given by 21, 22, 36 
where was wavelength and NA the numerical aperture. Similarly, the closest separation of PSFs of two point images along the optical axis according to the Rayleigh criterion was determined when the intensity of a normalized PSF in expression ͑3͒ dropped from the maximum to zero. Thus, the axial resolution was expressed as
From expressions ͑4͒ and ͑5͒ we calculated the lateral and axial resolution for the nine schematic eyes using incoherent light at the wavelength ϭ0.587 m.
The resolution of an optical system using a coherent source is different from that using an incoherent source because two point images formed by two coherent object points interfere with each other. The superposition of incoherent light results in the simple summation of optical intensities in the image space, whereas coherent interference results in squaring the sum of amplitudes. For a coherent source, because of the diffraction and interference effect and according to the Sparrow criterion, the lateral resolution was derived from
i.e.
where J 0 (u) is the zero order of the Bessel function. We obtained uϭ2.30 by searching the roots of Eq. ͑7͒. Thus, the lateral resolution was given by
where was wavelength and NA the numerical aperture. Similarly, for a coherent source the resolution along the optical axis was derived from
We obtained uϭ2.08 by searching the roots of Eq. ͑9͒. Thus
From the above results, we found that the numerical aperture and the illuminating wavelength determined the lateral and axial resolution of an aberration-free optical system under both incoherent and coherent illumination.
A Rodenstock scanning laser ophthalmoscope ͑SLO͒ was employed to image photoreceptors in the checkered garter snake eye and retinal layers in the human eye. We optimized the image quality of the snake and human eye by choosing illuminating wavelength, viewing angle, and confocal aperture of the SLO, and by adjusting the video gain and refraction compensation of the SLO. External optics was employed to increase the magnification of the SLO.
Results
The nine chosen schematic eyes are good examples for comparison of the optical properties of large and small eyes. As an example, the schematic Human and checkered garter snake eye are shown in Figure 2 . The radius of curvature of the anterior cornea of the human eye ͑average 7.8 mm͒ is about four times greater than that of the snake spectacle ͑1.78 mm͒. The axial length of the human eye is almost seven times longer than that of the checkered garter snake eye. These characteristics result in differences in effective focal length ͑EFL͒ and optical power ͑OP͒. The comparative relationship of EFL against axial length for the nine eyes is shown in Figure 3 . The comparative relationship of OP against axial length for the nine eyes is shown in Figure 4 .
The comparative relationship of numerical aperture on vitreous chamber length of the nine schematic eyes is shown in Figure 5 . In this calculation, we consider the retinal layer as a very thin layer compared to the eye size. For a vertebrate eye the size of the pupil is relatively smaller than that of the cornea and lens. For a small eye, vitreous chamber length and the radii of the corneal and lenticular surface are much smaller than those of a large eye. Thus, as shown in Figure 5 , the NA of the small eye is, in general, greater than that of a large eye.
The computed MTF of the human eye as an example at 0.587 m is shown in Figure 6 . From this figure we found out the cutoff frequency of the MTF when it approached zero. The comparative relationship of lateral MTF cutoff frequency with vitreous chamber length for the nine schematic eyes is plotted in Figure 7 . In these figures the unit of frequency is cycles per millimeter. This figure shows that retinal images in these eyes can in theory be resolved at micron level. A small eye has higher lateral cutoff frequency than a large eye, in general. For example, the lateral cutoff frequency of the checkered garter snake eye is about four times higher than that of the human eye.
From the MTF figure of the human eye like Figure 6 , we were able to quantitatively calculate the lateral cutoff frequency of the schematic human eye as the pupil diameter changed as shown in Figure 8 . The lateral cutoff frequency almost linearly increases with the diameter of the pupil. For example, Figure 8 indicates that the lateral MTF cutoff frequency for the human eye is about 343 cycles per mm when the pupil size is 3.0 mm but becomes 721 cycles per mm when the pupil size increases to 6.0 mm. Thus, the resolution of the human eye may increase 2.1 times for perfect pupil dilation and good eyes.
ZEMAX was used to simulate a contact lens inserted before the anterior corneal surface of the human eye. The posterior surface of a contact lens was assumed to be in close contact with the corneal issue. For this simulation, the thickness of the contact lens was 1.15 mm, its index of refraction was 1.43 and its primary curvature was a variable. Optimizing this optical system increased the numerical aperture and cutoff frequency slightly when compared to the eye model without the contact lens. However, the optical aberrations may be very much reduced. Thus, a contact lens may be used for correcting optical aberrations of the eye for better retinal images.
The lateral and axial resolution of the nine schematic eyes, using incoherent and coherent light at the wavelength ϭ0.587 m, are plotted in Figures 9 and 10 , respectively.
From the two figures we see that, compared to a large eye, a small eye has better lateral and axial resolution because of higher numerical aperture. For example, the lateral resolution for the checkered garter snake eye is about 3.8 times higher than that for the human eye. Also, for the same eye under incoherent illumination the resolution is better than under coherent illumination. The lateral resolution for the same eye and light source is better than axial resolution.
The photoreceptors in the checkered garter snake eye and the Great Plains rat snake eye were imaged. SLO images of photoreceptors in the snake eye are shown in Figures 1͑a͒ and  1͑b͒ . Figure 1͑a͒ was imaged using a 20°field. The viewing Fig. 6 The MTF of the human eye. field for Figure 1͑b͒ was less than 10°. Large cones about 7-9 m in size, small cones about 2-4 m in size, double cones, and modal patterns stemming from the waveguide effect were imaged clearly as shown in the figures. An external optical system was used to magnify the images of photoreceptors of the snake eye from four to eight times greater so that a higher order of modal patterns in photoreceptors of the snake eye can be imaged clearly as shown in Figures 1͑a͒ and 1͑b͒ . The SLO images of the human retina are shown in Figures 1͑c͒ and  1͑d͒ . A 40°field was chosen to image the human retina as shown in Figure 1͑c͒ . A 20°field was chosen to image the human macula as shown in Figure 1͑d͒ .
Discussion
The above theoretical analysis and experimental results reveal the relationships of optical power, numerical aperture, MTF and lateral MTF cutoff frequencies with geometrical configurations in small and large eyes. It is easier to observe photoreceptors and modal patterns in a small eye such as the snake eye shown in Figures 1͑a͒ and 1͑b͒ . Comparing the experimental results using the same SLO, for example, as shown in Figures 1͑a͒-1͑d͒ we see that the difference of resolution in a small and large eye is great. For the nine schematic eyes we found the almost monotonic relationship of effective focal length and optical power on axial length. We also found the almost monotonic relationship of numerical aperture and lateral MTF cutoff frequency on vitreous chamber length. However, some exceptions exist. For example, the axial length of the rabbit eye is longer than that of the marmoset eye but its vitreous chamber length is shorter than that of the marmoset eye. The rabbit eye has a thicker crystalline lens and larger pupil. Thus, its optical power is higher than would be expected. Also, the numerical aperture and cutoff frequency of the rabbit eye are higher than those of the marmoset eye. It is difficult to make clear demarcation between a large and small eye only according to axial lens or vitreous chamber length because there are many animal species with very different eye configurations, structure and optical characteristics. We consider the human eye and monkey eye as ''large eye'' but the frog eye, rat eye and snake eye as ''small eye.'' The numerical aperture of a small eye is about 0.2 or greater and that of a large eye about 0.15 or less in this analysis. The optical characteristics of an eye are related to the synthesis or topology of geometrical configuration and refractive state. Hughes discussed the topography of vision in animals. 25 We developed the topography of retinal images and diffraction effect in vertebrate eyes.
We calculated the lateral MTF cutoff frequency for each eye using a single-pass ray tracing technique. Thus, the MTFs calculated here are single-pass MTFs and related to the geometrical configuration of the eye. If each surface and index of refraction of the ocular components are determined very accurately, these single-pass MTFs are more objective than those evaluated by the double-pass method. The measured double-pass MTFs include double-pass optical aberrations and the interaction effects of light with retinal layers but the computed single-pass MTFs do not. When we did on-axis ray tracing and realized there were some lower order spherical aberrations in an eye. The MTF is sensitive to these aberrations but the numerical aperture is not. 21 Also, because the accuracy of ZEMAX is not very satisfactory we did not work on the MTF for all nine animals in detail. 21 For imaging photoreceptors in the central portion of the retina or some lower aberration eyes, the above studies on resolution evaluation are good approximations. Another issue related to the accuracy of this analysis is the existence of nonuniform distribution or Fig. 8 The dependence of cutoff frequency on diameter of the pupil in the human eye. gradient of index of refraction in the crystalline lens. The assumed average index of refraction in the homogeneous crystalline lens has the equivalent effect of an index-gradient crystalline lens. For a good schematic model such as the human schematic eye model this approximation is adequate. However, it is difficult to measure the index of refraction of the lens in a small eye and this assumption may give rise to some errors.
Both four surface and six surface schematic eye models have been applied for this analysis. The four surface schematic eye model was applied for the macaque, marmoset, rabbit, tree shrew, frog, rat and mouse eye. In the six surface schematic eye model the lens core and lens cortex are homogeneous but with different index of refraction. The four surface and six surface schematic model for the human are in good agreement because of the relative small pupil size comparing to the lens and cornea size. We chose the six surface schematic eye model for the human eye for better accuracy. Because of the existence of the spectacle in the snake eye, the six surface schematic eye model for the checkered garter snake eye was employed.
We chose different criteria to evaluate the resolution of an eye using incoherent and coherent sources. The Rayleigh criterion is a more objective and stringent criterion than the Sparrow criterion used for incoherent light. We chose the Sparrow criterion due to the simplicity of mathematical calculation. All these criteria presume an ideal case that requires the retina to be illuminated uniformly, and the retina reflects and backscatters the illuminating light uniformly in all directions. In this condition, two closest PSFs have the same distribution or shape. Thus, the actual resolution of a real eye might be a little bit worse than our estimation.
The experimental lateral resolution for the snake eye is between 1 and 2 m because 2 m small cones and modal patterns have been observed by SLOs. From Eq. ͑9͒, the calculated lateral resolution using 0.587 m coherent light for imaging photoreceptors in the checkered garter snake is about 1.21 m. Thus, this estimation explains the experimental results very well. Comparing to the double-pass measurements which give the cutoff frequency of the human eye ranging from 60 to 150 c/deg, 6, 16 our calculated cutoff frequency about 343 c/mm, ͑102 c/deg, 3.0 mm pupil, 0.587 m wavelength of illumination͒ is a very reasonable result. According to expression ͑4͒, the calculated lateral resolution using an incoherent source for the human eye is about 3.60 m if the illuminating wavelength is 0.587 m. The average size of cones in the human fovea is about 2.5 m. Thus, photoreceptors in most of the human eyes are not easily observed through a natural pupil by a conventional fundus camera. Exceptionally, photoreceptors in a few very high quality human eyes have been observed. We calculated that the lateral resolution of the human eye becomes 2.12 m when the pupil changes from 3.0 to 6.0 mm. The possibility of imaging photoreceptors in the human eye will increase by increasing the effective pupil of an eye and using an incoherent light source of short wavelength.
1,2 Thus, photoreceptors in the human eye may be observed as the theoretical estimation and were imaged experimentally.
1,2
We did not discuss the interaction of light with the retinal tissue, for example, backscattering, reflection, transmission, absorption and waveguide effect. These light-tissue interactions affect the ability to image photoreceptors and should not be ignored. The snake eye has a high numerical aperture and also clear media so that photoreceptors and modal patterns are imaged. However, the mouse eye, with high numerical aperture, has turbid media and small photoreceptors ranging from 0.9 to 1.1 m. Photoreceptors in this eye have not been imaged. The different approach related to aliasing and the sampling theory also is another way to evaluate the resolution of photoreceptor mosaic. Because of the limitation of this paper we have to concentrate our discussion on the eye optics that plays the most important role for imaging photoreceptors in a small and large eye.
Conclusion
While in vivo imaging of photoreceptors in primate eyes remains difficult, the chances of success can be improved by dilating the pupil to increase the effective aperture, using a contact lens to cancel cornea induced aberrations and correct refractive errors, and using incoherent and short wavelength light. This paper reveals the relationship of diffraction effect and limitation with geometrical configurations and size of eyes. A small eye, such as that of the snake, has advantages for in vivo studies of photoreceptor optics and morphology. Photoreceptors in the snake eye are readily imaged because the small eye has higher optical power, higher numerical aperture and relatively higher lateral and axial resolution as compared to the primate eye.
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